In recent years, micro-lens arrays (MLAs) have become important elements of optical systems. One function of MLAs is to create a uniform intensity of light. Compared with one-sided MLAs, the uniformity of light intensity increases with double-sided MLAs. MLAs fabricated by glass can be used in higher temperature environments or in high-energy systems. Glass-based MLAs can be fabricated by laser machining, photolithography, precision diamond grinding process and precision glass molding (PGM) technologies, but laser machining, photolithography and precision diamond grinding process technologies are not the perfect approach for mass production. Therefore, this paper proposes a method to fabricate a mold by laser micro-machining and a double-sided MLA by a PGM process. First, a micro-hole array was fabricated on the surface of a silicon carbide mold. A double-sided MLA using two molds was then formed by a PGM process. In this paper, the PGM process parameters including molding temperature and molding force are discussed. Moreover, the profile of a double-sided MLA is discussed. Finally, a double-sided MLA with a diameter of 20 mm, and lenses with a height of 52 μm, a radius of 851 μm and a pitch of 700 μm were formed on glass.
Introduction
Micro-lens arrays (MLAs) are widely used in optical systems [1, 2] , such as liquid crystal displays (LCDs), focal-plane elements, color filters and micro-scanners. MLAs can shape the light and create a uniform level of energy intensity. Compared with one-sided MLAs, double-sided MLAs, with a suitable optical design, increase the uniformity of the light intensity. Previous studies presented methods to fabricate MLAs: Popovic et al in 1988 and Hutley in 1990 used reflow methods [3, 4] ; Lee and Han used bulk micro-machining in 2001 [5] ; Cox et al used an ink-jet printing method [6] ; Sizinger and Jahns used a gray scale method in 1999 [7] ; Lee et al used a LIGA technique in 2002 [8] ; and Park et al used a UV light forming technique in 1999 [9] . All these methods used polymer materials.
Because high temperature phenomena are produced in high-energy systems, glass is preferred over polymer materials. Several methods exist for fabricating a glass MLA: a precision diamond grinding process, laser machining, photolithography and a PGM technique [10, 11] . Although the diamond grinding process is precise, it is not time efficient. The laser machining and photolithography technologies are not the perfect approach for mass production. The PGM technique has several advantages, such as a short cycle time, high accuracy and high profile freedom. Therefore, the PGM technique is an ideal method to quickly fabricate MLAs for mass production. The upside and underside surfaces of MLAs can be fabricated simultaneously using the PGM technique, thereby avoiding the alignment errors of doublesided MLAs. The manufacture of the mold used in the PGM process is expensive and usually requires a long processing time. Therefore, this paper presents the fabrication of a high-quality silicon carbide (SiC) mold using the laser micromachining (LMM) process. Compared with the diamond grinding process, the LMM process is cheaper and faster. The dimensions of the micro-structure, such as the pitch, depth and shape, can all be easily adjusted in each kind of design.
Experiment
The micro-hole array with a diameter of 500 μm, depth of 200 μm and pitch of 700 μm on the SiC mold was made using a UV laser (AVIA 355-14, Coherent Inc.). Due to the surface tension effect, a double-sided MLA, using soda lime glass as the material, was made from two molds using the PGM system (207 HV, Toshiba). Figure 1 shows the molding diagram. The profiles of the double-sided MLA were measured using a confocal microscope (VK9700, keyence). The optical performance of the double-sided MLAs depended on the profile, for example, on the radius and height. These parameters needed to be controlled during the PGM process. Figure 2 shows the flow chart of the experiment.
Materials
The materials used in the PGM process require a high rigidity at high temperatures, which are usually above 600
• C. Therefore, SiC, tungsten carbide and glassy carbon have been widely used. The SiC molds with a diameter of 20 mm and thickness of 10 mm were used in this research. Soda lime glass is flat, thin and cheap, and was applied in this research to fabricate double-sided MLAs. The soda lime glass has a diameter of 20 mm and thickness of 1.2 mm.
Laser micro-machining technique
SiC, a hard, brittle and sintered material, is usually manufactured by a grinding process or diamond milling. These two processes possess processing limits that make fabricating micro-structures difficult. The spot size of lasers, such as the 30 μm UV laser, is very small and is therefore ideal for making micro-structures. The recast layer is fabricated on the metal using the laser, but is not produced with sintered materials. Therefore, a laser is an appropriate device for making a microhole array on the SiC mold. Figure 3 shows the recast layer on the metal. The laser scanning speed is an important parameter; optimal speed can obtain a high-product quality and decrease the processing time and cost. This research analyzes the profiles of micro-holes by varying laser speeds from 50 to 500 mm s −1 . A UV laser with a wavelength of 355 nm and the output energy of 14.3 W was used in this experiment. The laser scanning type is bidirectional with a cross which is shown in figure 4.
Precision glass molding technique
The PGM process has advantages, such as high precision, short cycle time and high profile freedom, and is widely used in highprecision mass-produced optical elements. The steps of the PGM process include heating the glass preform to the molding temperature, and then mold pressing the glass preform with a set molding force. After cooling to room temperature, the profile on the mold transforms to glass. In general, the cycle time of glass elements smaller than 20 mm in diameter only requires 18 min. In the PGM process, molding temperature and molding force are important parameters, which affect the quality of the glass. The temperature and force of the PGM process were set at 615-660
• C and 250-370 N in this experiment, respectively. To avoid bubbles or voids generated on the surface of double-sided MLAs, the process was performed in a vacuum.
Results and discussion
This paper fabricates double-sided MLAs with a micro-hole array. Therefore, the dimensions of the hole affect the profile of the lens. According to the experimental results, the lens radius increases with the diameter of the hole. A very large hole diameter causes the upper surface of the lens to be flat, not curved. But a very small hole diameter leads to the splitting of the glass structure and the clogging of holes during the PGM process. Therefore, a hole diameter of 500 μm was used in this research. The following sections discuss the effects of laser scanning speed, molding temperature and molding force on the double-sided MLA profile.
Effect of laser scanning speed
An increased laser scanning speed leads to a decrease in processing time and cost. A high speed causes a decrease in laser energy per unit area and, therefore, a decrease in hole depth. Exceeding the speed determined by the limit of the scanning mirror leads to an insufficient overlap area, and hence, the holes on the SiC mold are unacceptable for the discontinuous profile. If the speed is too slow, the laser energy per unit area increases and leads to an increase in roughness on the SiC surface. The relationship between the laser scanning speed and the depth of the hole is shown in figure 5 . The hole depths were measured using a precision confocal microscope. After evaluating the processing time and quality of holes, a laser scanning speed of 400 mm s −1 was selected at an output energy of 14.3 W. A photograph of the mold is shown in figure 6 . The diameter is 20 mm for the SiC mold and 500 μm for each hole.
The different micro-hole array on the SiC mold can be obtained by the simple adjustment of laser parameters. Figure 7 shows the different diameters and pitches of microhole arrays on the SiC mold. Moreover, the alignment position of the upside and underside lens can be adjusted by alignment fixture that can be designed on the molds.
Effect of molding temperature and molding force
When the molding temperature range was controlled between 615 and 660
• C, the adhesion of the glass material decreased with increased temperature. Therefore, the glass material was easily deformed at higher temperatures. A higher molding temperature led to a longer cooling time and higher consumption of energy. A very low temperature led to poorly formed or broken glass. Therefore, the optimal molding temperature is important in the PGM process. Figure 8 shows the relationship between the molding temperature and the radius/height of the double-sided MLA. The height of the double-sided MLA, including both the upside and underside lens, increased as the molding temperature increased from 615 to 660
• C. The underside lens is higher than the upside lens. Because the mold is placed directly on the molding machine, as shown in figure 1 , the heating method of the underside mold is not only radiation but also conduction. This phenomenon causes the temperature of the glass underside to be higher than the upside. The temperature difference leads to the underside lens being higher than the upside lens. Because the diameter of the hole is fixed at 500 μm, an increase in the lens height creates a decrease in the lens radius. Figure 9 shows the relationship between the molding force and the radius/height of the double-sided MLA. A molding force between 0.25 and 0.37 kN was selected in this research at a molding temperature of 630 • C. Compared to the molding temperature, the effect of molding force on the lens height is unclear. The difference in the lens height is only 16 μm between the maximum and minimum. An increase in the lens height also leads to a decrease in the lens radius.
The cross-sectional photograph of the double-sided MLA is shown in figure 10 . After the PGM process, the doublesided MLA was fabricated on soda lime glass. Figures 10(a) and (c) are 400× photographs and figure 10(b) is 200× using a confocal microscope. Figure 11 
Conclusions
This paper has presented the fabrication of a double-sided MLA on soda lime glass using a laser and a PGM process. Compared with the grinding process, the PGM process with a cycle time of 18 min was more time-efficient. By analyzing the experimental results, profile charts of the lens with respect to laser scanning speed, molding temperature and molding force were obtained. The experiment showed that the double-sided MLA had dimensions of 851 μm in radius, 460 μm in width, 52 μm in height and 700 μm in pitch.
